Introduction
Impounded lakes produced by landslides and moraines in mountain regions all over the world induce geomorphic hazards and a threat to the communities settled downstream. A sudden dam failure can release a destructive outburst flood, spreading for possibly tens of kilometers downstream (e.g., Casagli and Ermini 1999; Costa and Schuster 1988; Hewitt et al. 2008) . In the literature, many single landslide dam study cases have been reported (e.g., King et al. 1989; Hermanns et al. 2004; Dai et al. 2005; Nash et al. 2008; Duman 2009; Degraff et al. 2010; Evans 2015, 2017; Emmer and Kalvoda 2017) . Several landslide dam inventories have been collected in different parts of the world, such as in North America (O'Connor and Costa 1993) , South America (Hermanns et al. 2011) , Europe (Casagli and Ermini 1999; Bonnard 2011; Tacconi Stefanelli et al. 2015) , Central Asia (Popov 1990; Hewitt 1998; Strom 2010; Korup et al. 2010; Schneider et al. 2013) , China (Dong et al. 2009; Fan et al. 2012; Peng and Zhang 2012) , and New Zealand (Korup 2004) . Although some reports on single events in the Cordillera Blanca Mountain Range, Peru, have been researched (Lliboutry et al. 1977; Zapata 2002; Carey 2005; Hubbard et al. 2005) , no landslide dams and related lakes archive or any extended study on these topics are available yet.
Within the glacial valleys of the Cordillera Blanca, there are many elements setting up a continuous danger for the Peruvian population. Glacial lakes of different sizes have produced Glacial Lake Outburst Floods (GLOFs) (Carey 2005; Iturrizaga 2014; Vilímek et al. 2014) , and methods for their hazard assessment and mitigation have been developed (Carey et al. 2012; Emmer and Vilìmek 2014; Somos-Valenzuela et al. 2014; Emmer et al. accepted) . Landslide dams, or the remnants of extinct lakes (both failed and infilled), are also rather common. Therefore, one of the aims of this paper is to create a database of landslide dams in the Cordillera Blanca through a geomorphologic investigation, including both existing, failed, and infilled landslide dams. Dams and lakes were classified and described modifying an existing data form utilized for an inventory of landslide dams in Italy (Tacconi Stefanelli et al. 2015) .
Landslide dams and moraine dams of the Cordillera Blanca have different origins but are prone to the same problems (e.g., difficult predictability) and endanger the population in the same way (lake outbursts with high speed and large inundated area). In general, dammed lakes in high mountain areas pose hazards because (1) the surrounding environment is characterized by very high relief energy, which produces highly destructive floods/debris flows; (2) they are downslope from glaciers and steep unstable rock slopes, susceptible to slope movements (e.g., Haeberli et al. 2016) ; (3) small debris flows from the steep valley sides constantly supply new material to fall on the dam body, resulting in a precarious balance of the repeatedly Brejuvenated^dam; and (4) the vegetation is not able to stabilize their slopes due to the high elevation and the rapid rate of geomorphic change on the dam body (Costa and Schuster 1988) .
While glacial lakes in the Cordillera Blanca were already a subject of scientific research, a deepened study and an assessment of landslide dam evolution are necessary to fill the lack of knowledge about this topic in the region. Tacconi Stefanelli et al. (2016) studied the features of Italian landslide dams and developed two practical tools able to evaluate, rapidly and with easily achievable data, the dam formation and its stability. These indexes proved to be effective to evaluate the dam formation and its stability in the Italian territory. A morphometric analysis on the Peruvian dataset is then performed applying these two indexes, and the result is compared with the Italian dataset to study the landslide dams feature differences and to test the indexes reliability in a very different geographic area. The Italian inventory was selected because it is significantly large, complete, and well constrained with respect to the average of the available databases.
Study area
The Cordillera Blanca (Spanish for BWhite Range^) is part of the tectonically highly active Andes range, formed by collision of the Nazca, South American and Antarctic (partly) lithospheric plates and is also part of the continental divide. It is located in the Western Cordillera in the Northern part of Peru and includes 33 major peaks over 5500 m in elevation and an area 21 km wide and about 200 km long (Fig. 1) .
The highest mountain in Peru, Nevado Huascarán (6768 m a.s.l.), is located in this range. The high elevation differences between peaks and valley bottoms reach at some places 3500 m (Iturrizaga 2014) , which is important to characterize the relief energy. The Rio Santa is the main basin and its valley, which has been affected by many historical natural disasters (Lliboutry et al. 1977; Zapata 2002; Klimeš 2012; Klimeš et al. 2015) , marks the northwest side of the Cordillera Blanca. Most of the western part of the Cordillera Blanca is part of the Rio Santa catchment (outlet at Pacific Ocean), while the eastern slopes are drained into the Marańon River (Atlantic Ocean). The most southern part belongs to the Pativilca River catchment (Pacific Ocean). The central part of the Cordillera Blanca is formed by a batholith of Tertiary age, which consists of coarse grained granodiorites and tonalites (Klimeš 2012) .
During the last two centuries, global climate change has led to glacial retreat (Thompson et al. 2000; Vuille et al. 2008; Schauwecker et al. 2014) , resulting in thinning and fracturing of glaciers, formation of moraine dammed lakes (Hubbard et al. 2005; Vilímek et al. 2005) , and slope instability, often involving river channels with the obstruction of valleys. All these consequences induced a range of significant hazards on the territory, (Lliboutry et al. 1977; Carey 2005; Vilímek et al. 2005; Iturrizaga 2014 ). The most destructive slope deformation in the Peruvian mountains was the event of May 31, 1970. An ice and rock fall, triggered by an earthquake with magnitude 7.7 (Plafker et al. 1971; Evans et al. 2009; Klimeš et al. 2009 ), fell from the Nevado Huascarán. The unleashed avalanche formed a wave of water, rock, and ice that traveled in SW direction more than 14 km in less than 3 min (Carey 2005) , burying the city of Yungay with 18,000 fatalities and damming the Rio Santa for a short time. However, Evans et al. (2009) recently published a significantly lower estimation of 6000 fatalities.
Materials and methods

The inventory
All the information about the damming cases (the landslide, the dam, the valley, and the lake) were determined with indirect and direct survey techniques. An in-depth geomorphological investigation through maps, research, and aerial photo interpretation allowed the authors to identify the dam sites and collect the morphometric parameters. In particular, in the main part of the survey, the following data have been used: a Digital Terrain Model (DTM) covering the entire Cordillera Blanca Mountain Range with 30 m of spatial resolution (data obtained by the NASA Shuttle Radar Topography Mission, SRTM, and available from the US Geological Survey) and satellite images available for viewing on Google Earth and Bing were examined. For a part of the cases, aerial photos and topographic maps, dating back since the 1940s with spatial scales from 1:10,000 to 1:25,000, available from the Autoridad Nacional del Agua (National Water Authority) in Huaraz (Peru) were studied. In order to check the evolution of the dams, a multi-temporal image analysis was carried out, but this did not provide information on the age of the landslide dams. A topographic and morphometric field survey was undertaken only for a few cases, because of the inaccessible locations in high elevation and remote mountain areas of most locations. During the research, several dammed lakes located in landslide bodies were found. These particular cases are not included in the Peruvian inventory because they are not present in the comparison database and some of their morphometric parameters (e.g., valley width or landslide volume) are hardly achievable (too subjective). The data on landslide dams in the Cordillera Blanca were gathered together in a clear structure simplifying an existing database proposed by Tacconi Stefanelli et al. (2015) . The authors created a complete database structure composed of 57 information fields on geomorphic parameters (e.g., on the landslide, the dam body, the valley, and the lake, if present) and general information about the event. The data are easily retrievable to support future use and update of the database and in order to guarantee a good quality of data retrieval, also by non-expert data collectors. For the landslide dams in the Cordillera Blanca, the original database structure by Tacconi Stefanelli et al. (2015) has been modified selecting only 14 essential information fields (Table 1) .
Most of the data fields about the landslide, the dam, the stream and the lake consist of morphometrical data and few multiple constrained choices (movement, dam type, dam and lake conditions). Descriptive and note fields in the data form are avoided, with the purpose of making the survey as objective as possible. Each event is identified by a unique ID number preceded by BCB( acronym for Cordillera Blanca) and is located according to the geographical position of the dam's spillway. The landslide type of movement follows the characterization of Cruden and Varnes (1996) . The dam characterization is supported by the geomorphological classification of Costa and Schuster (1988) , and the dam and lake conditions are described with the classes proposed by Casagli and Ermini (1999) (see Tables 2, 3 , and 4).
To compute landslide and dam volumes (Landslide body and Dam body in Fig. 2 ), a simple procedure has been followed. Regardless of the starting landslide movement (e.g., slump or flow), the basal surface of the displaced mass filling a generic Ushape glacial valley can be simplified assuming a semi-ellipsoidal surface. Displaced mass volume (V) can be approximated assuming a semi-ellipsoidal shape, according to Catani et al. (2016) , with the following empirical equation:
where D, W, and L are the depth, the width, and the length of the displaced mass (landslide or dam), respectively ( Fig. 2) . When more than one landslide causes the obstruction at the same time, we take into account the total volume of the coalescent landslides.
Concerning the dam volume, we considered only the part of the displaced mass that actually obstructs the river valley (Dam body in Fig. 2 ) without the upper part (Canuti et al. 1998) . The required morphometric parameters were in majority derived by geomorphological analysis of the available topographic data using a GIS software or in the minority cases measured with a laser meter on site. Concerning the valley width, it is not always easy to identify this attribute clearly. According to the valley profile (U-or Vshaped), in some cases (e.g., in narrow valleys), there is a clear border between the valley floor (usually flat) and the lateral slopes in the cross profile. When the valley turns gradually into the slope (Fig. 3a) , we measured the width of the valley at the level of lower part of the accumulation (Q d , the elevation of the dam's spillway in Table 1 ) from the lateral slopes (Fig. 2) .
The severity of consequences of a landslide dam is connected with the dam evolution after its formation. For this reason, landslide dams are described using three classes based on their evolution: not formed, formed-unstable, and formed-stable (Tacconi Stefanelli et al. 2015) . In the first class, the landslide reached the riverbed influencing it but did not form a proper lake, due to an incomplete obstruction. Then, the possible further evolutions for this class are the river deviation or the landslide toe erosion. In the other two classes, a complete dam is formed. The unstable dams collapse after a variable span of time (from hours to centuries) and The landslide dam is cut/stabilized through the human work.
Slightly/strongly cut The dam body is cut with small (less than 50% of the height) and high (more than 50% of the height) intensity.
Not cut
The dam has not been cut .
Breached/partly breached
The dam completely/partly collapsed.
Source: Casagli and Ermini 1999 release a catastrophic outburst flood (Costa and Schuster 1988; Canuti et al. 1998) . The stable ones never show complete collapse and are preserved until present, even if some overtopping has occurred cutting it, and/or disappeared through filling processes. Unfortunately, usually no dating information about past dam formation or failure is available. Only the failures from Nevado Huascarán Norte (May 31, 1970) into the Llanganuco valley (ID CB1, CB2) and Rio Santa valley ) and of Lake Jircacocha (1941, ID CB16) in Cojup valley (Emmer and Juřicová 2017) do we have the direct age information (Fig. 3) .
Morphological analysis
The ability of a landslide to create a dam depends on several characteristics of both the landslide and river valley systems. Deterministic approaches are often adopted to simulate the features comparison and predict evolutions. A common methodology in such analysis is the formulation of geomorphological indexes based on morphometrical parameters of the two involved systems, the river and the slope, including dam volume, valley width, and watershed area (Swanson et al. 1986; Ermini and Casagli 2003; Korup 2004; Dong et al. 2011; Peng and Zhang 2012) . Landslide dam formation and stability predictions are not an easy task, due to the number of factors involved, and they are assessed through critical threshold index values. Critical index values dividing stability domains have usually a low predictive power and are often subject to regional conditions (e.g., Cui et al. 2009; Korup 2004; Strom 2013) . Tacconi Stefanelli et al. (2016) proposed two geomorphological indexes to assess the formation and stability of the Italian dams. These two indexes are the Morphological Obstruction Index (hereafter MOI)
and the Hydromorphological Dam Stability Index (hereafter HDSI)
where V l is the landslide volume (m 3 ), W v the valley width (m), A b the catchment area of the blockage (km 2 ), and S is the local longitudinal slope of the river stretch (m/m). They are jointly used to carry out preliminary forecasting about formation and stability of landslide dams along river channels during emergency or planning activities. In a first stage of the procedure, MOI assesses whether the landslide may cause a complete valley obstruction or not. If a dam is formed, in a second stage, the HDSI assesses the dam stability. The two indexes show an improvement in the prediction effectiveness of formation and stability of Italian dams compared to other common indexes from the literature (e.g., Blockage Index and Annual Constriction Ratio from Swanson et al. 1986 ). The MOI bilogarithmic plot of landslide volume and valley width is divided into three different evolution domains: non-formation, uncertain evolution, and formation domains (Fig. 9) . The uncertain evolution domain is bounded by two dashed lines, the lower non-formation line and the upper formation line. The former is the lower limit for the formed dams (both stable and unstable), while the latter is the upper bound of the not formed dams. For the HDSI plot, three main domains can be described as well: instability, uncertain determination, and stability domain (Fig. 11) . In the first domain, only not formed or formed-unstable dams can be found. In the second domain, the dams evolution is uncertain and all the three evolution classes are present, while the last domain is formed only by formed-stable dams.
Results
Inventory and morphometry of dams and dammed lakes For this paper, 51 cases ( Fig. 1) have been identified along the Cordillera Blanca mountain range, in Huascarán National Park, Ancash Province, Peru. Table 5 reports the surveyed information about the landslide dams inventory based on the database structure proposed in Table 1 . A classification of the originating dams based on six main types of landslide movement as proposed by Cruden and Varnes (1996) is reported in the histogram of Fig. 4 . The most common movement is the complex slide (41% of the total) that commonly is the result of a first movement consisting of a fall or slide of rock and/or debris, evolving into a flow of rock and/or debris. Individual flow and fall movements are also very common throughout the Cordillera Blanca Mountains with 20 and 18% of the total, respectively. Slide and slump are present with 14 and 8%, while it was not possible to identify topples or spread movements at our research scale.
Morphological characteristics of valleys and landslides in the Cordillera Blanca have a rather small variability. Concerning the landslide volume, in Fig. 5 , almost all collected landslides (98%) . Moreover, as shown in Fig. 6 , the valley width has regular distribution, ranging from 100 to 600 m, with the most frequent value between 200 and 300 m (66% of the total).
Concerning the classification of dam condition, most of the collected cases (64%, green in Fig. 7 ) are classified as formedstable dams as they apparently never catastrophically failed or, for 5 cases (10% of the total), lakes located behind the dams were filled by sediments. Only four cases (8% of the total, red in Fig. 7 ) collapsed in historical time, or left clear signs of a past failure, and are classified as formed-unstable. The remaining 28% belong to not formed dams (blue in Fig. 7) . According to the landslide dams geomorphological classification proposed by Costa and Schuster (1988) , type II is the most common class with 32% of the total (Fig. 7) . This is closely followed by types I and III with 26 and 28%, respectively, and type IV with 14% of the dataset. No dams belonging to types V and VI have been identified in the study area. Almost all of the not formed dams (13 out of 14) belong to the type I class.
Concerning the dammed lakes conditions, they can be existing, disappeared, or not formed lakes. Figure 8 shows that almost half of these lakes (41%) still exist and the remaining lakes are distributed between disappeared (31.4%) and not formed cases (27.5%). Unfortunately, half of the disappeared lakes (8 out to 16) are classified as Bgeneric disappeared,^because the lack of direct information and field surveys did not allow us to specify the cause with more detail. The remaining eight lakes disappeared primarily from spillway erosion (five cases) and one case for each of the remaining three possible mechanisms, which are dam collapse, filling, and man-made influence.
Morphological analysis of the Cordillera Blanca inventory and comparison with Italian dataset
The manual classification of the landslide dam evolution is then analyzed through some of the geomorphological indexes used on the Italian territory. For a clearer understanding of the morphological analysis results with the selected indexes, the analysis of the Cordillera Blanca database has been compared with that of the Italian landslide dams inventory. The Italian inventory was selected as a group comparison because it is a large available dataset, made of 300 collected cases, where the indexes were designed and tested already. Thus, Fig. 9 reports the MOI bilogarithmic plot of landslide volume and valley width of landslide dams in the Cordillera Blanca compared with the Italian cases (Tacconi Stefanelli et al. 2016) . As the index purpose is the assessment of dam formation likelihood, in the interests of further clarity, in this figure, stable and unstable dams are identified as Bformed dam.T he diagram shows a very similar and comparable behavior of the two datasets. All the formed dams from Peru are grouped above the lower non-formation dashed line and all the not formed dams are below the upper continuous formation line. More than two thirds of formed and a quarter of not formed dams (73% and 29% of them respectively and 60% of the total) fall into the proposed uncertain evolution domain, encompassed by the two lines. Nevertheless, most of the not formed dams (71%) are correctly placed in the non-formation domain.
However, the MOI value distribution of the Cordillera Blanca dams does not completely match with the Italian data in Fig. 10 . Here formed-stable and formed-unstable are displayed in different categories. Not formed and formed-unstable dams have similar behavior and are within the same boundaries set by Italian cases (MOI < 3.00 for non-formation domain and 3.00 < MOI < 4.60 for uncertain evolution domain). Formed-stable dams from the Cordillera Blanca have a slightly different distribution and are more shifted toward instability, as they reach up to 3.07 of MOI value, even if they stay in the formation or uncertain evolution domains.
The results of the HDSI index application to the Cordillera Blanca river obstructions in Fig. 11 show something interesting as well. Not formed dams are not shown in the graphic as this index is used to assess the dam stability after their formation. The domains defined by the Italian dataset gather all the Peruvian formed dams correctly, except for one wrong formed-stable case (ID CB3) placed in the instability domain. The lower bound of the remaining stable dams in Peru has HDSI > 5.77, slightly above the value obtained by the Italian cases, equal to HDSI > 5.74. The similarity of the HDSI values over the two datasets may be , and more concentrated in the middle uncertain determination domain. The uncertain determination domain is wide, with 72% of the classified dams, and the stability domain contains 25% of the cases. The bigger difference between the two datasets arising from this figure is in the unbalanced distribution of the cases in the three evolution classes. While not formed, formed-unstable, and formed-stable cases are almost equally distributed in the Italian database, the lack of formed-unstable landslide dams in the Peruvian database (only four cases) is evident.
Specific evolutionary patterns of landslide-dammed lakes This paper describes various landslide dams under current conditions; nevertheless, for the long-term geomorphological evolution, potential future changes need to be considered. In fact, in the whole mountain range (as well as in the dataset), landslide dams of different types, ages, and stages of evolution are found. They are also located in various parts of the valleys.
Some of them could be considered as examples in a rather young stage of evolution while others bear signs of maturity and/or are filled by sediments.
Considering Fig. 6 , it can be imagined that existing lakes could evolve, over time, into partly filled lakes and later disappearing due to complete filling by sediment. Filling of a lake basin by sediment infill is a gradual process, and lakes with stable dams may persist for long time periods until they are filled (Emmer et al. 2016) . Other possible evolution could lead to the disappearance of a lake by dam collapse (failure) or by spillway erosion and breaching. Only two landslide dam failures which were followed by a significant lake outburst flood are documented from the Cordillera Blanca-(1) the 1941 dam failure of Lake Jircacocha in Cojup valley (ID CB16; Fig. 3b ) and (2) the 2012 dam failure of Lake Artizon Bajo in Artizon valley (Santa Cruz), both caused by a flood wave from a lake outburst occurring upstream (Emmer and Juřicová 2017) . Two modes of dam failures are distinguished: (1) partial dam failure (release of a part of retained water) and (2) complete dam failure (release of all water retained and lake disappearance). Dam failure can be triggered by dam body instability or other external causes (also for dams classified as stable) such as an earthquake or an exceptional increase in discharge (lake outburst floods originating farther upstream). Specific evolutionary patterns of lakes dammed by debris cone are dam aggradation (e.g., dam aggradation of Lake Llanganuco Alto caused by slope movements induced by the earthquake in 1970). Dam aggradation may lead to a temporal or permanent increase in lake water level (volume). Dam aggradation and partial dam failure can be repeated several times until a new equilibrium drives the dam to maturity and the lake basin to filling or suffering a complete failure.
Discussion
The Cordillera Blanca mountain range is characterized by highly dissected relief resulting from the co-action of endogenic (tectonic) and exogenic (glacial, fluvial and gravitational) geomorphological processes. Glacial valleys are all characterized by a recent retreat of glaciers (e.g., Kaser 1999; Schauwecker et al. 2014 ) and very steep slopes. This common history is shown by a rather homogeneous distribution in the characteristics of Peruvian valleys and landslides in Figs. 5 and 6. The valley widths were conditioned by the dimension of glaciers, imposing small Fig. 8 Classification of dammed lakes in Cordillera Blanca, Peru, according to Casagli and Ermini (1999) The Cordillera Blanca and Italian datasets not only have their own features and differences, due to their different environments, but also have some similarities. The typical distribution of the morphometrical parameters that characterize landslides and river valleys in the Cordillera Blanca due to their environmental heritage is reflected in the results of the indexes application. The point cloud of the MOI distribution for dams from Peru is narrower and more compact compared to the Italian dams (Fig. 9) . This reflects the general homogeneous dimensions of the Cordillera Blanca valleys and the almost monotonous distribution of landslides volume, due to more homogenous lithological and structural conditions against the more heterogeneous environments of Italian valleys. The Italian territory, which is much larger and characterized by greater variety of sedimentary, metamorphic, and igneous rocks, presents a wide variability in environment types and orogenic belts (Tacconi Stefanelli et al. 2015) .
All data were correctly classified into the MOI domains and the index proved to be able to identify most of the not formed dams. Nevertheless, many of the formed dams fall into the uncertain evolution domain due to the small distribution range of the valleys width. The HDSI application allowed us to classify formed dams (Fig. 11) through the same Italian threshold values as well. In this analysis, the Peruvian formed-unstable class is represented by a small number of dams compared to the formed-stable class. This unbalanced distribution does not allow a complete evaluation of the HDSI effectiveness for this dataset, but nevertheless, all the formed Peruvian landslide dams have been correctly classified, except for one anomalous formedstable case (ID CB3) that falls into the instability domain.
In general, the formed-stable dams in Peru have characteristics similar to Italian unstable cases, as most of them are scattered in the uncertain determination or uncertain evolution domain. This could be interpreted by hypothesizing that the dams within the Cordillera Blanca, even if classified as formed-stable, are in disequilibrium with their surrounding dynamic environment (continuous tectonic uplift followed by fluvial erosion) and need to be monitored. A larger dataset (especially for formed-unstable dams) could be considered more representative for description and comparison and could lead to a better interpretation. The other reason might be that they are younger and the process of slow destabilization is still under progress.
Conclusion
In this work, a database of 51 landslide dams in the Cordillera Blanca Mountains, Peru, is presented, comprehensive of the main important features and morphometrical parameters. All the information was achieved through direct (field survey) and indirect (analysis of topographic and remotely sensed data) survey techniques. The data were interpreted to study the main characteristics of the Cordillera Blanca landslide dams as well as the local environmental influence on them. A morphological analysis with recently developed indexes MOI and HDSI was carried out and compared with an Italian landslide dam inventory. The application of the morphological indexes to the newly proposed database produced positive classification outcomes, but slightly different with the compared Italian inventory. The differences between the two groups of data can be attributed to the climate and morphogenetic differences of the two regions. The high similarity between the results of the geomorphological indexes application on datasets coming from different geographical contexts, Italy and Peru, is an encouraging result for the indexes reliability. It bodes well on the quality of the information provided by the indexes and their potential application in different geographical areas.
